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ABSTRACT: Chelate-assisted phytoextraction of heavy metals is a promising approach to clean up
polluted soils. However, the most successful chelants tested so far are synthetic agents that barely
degrade in soil, increasing the metal leaching risks. Natural organic acids have been proposed to
enhance phytoextraction due to their higher biodegradability, but they can also be a drawback for
efficient phytoextraction. This work was carried out to compare the effectiveness of multiple applications
of citric and gallic acids on the availability in soil and accumulation of Cd, Pb, Cu, and Zn by velvet bean
(Stizolobium aterrimum) plants. The organic acids were added as follows: 5 mmol kg-1 in the 28th cultivation
day; two doses of 5 mmol kg-1 at the 28th and 31st day; and three applications at the same rate at the 28th,
31st, and 34th day of velvet bean cultivation. Soil samples were sequentially extracted and soil solution
metal concentrations assessed. Neither citric acid nor gallic acid was efficient for metals phytoextraction.
In general, low molecular weight organic acids (LMWOA) application increased the metal
concentrations in the water soluble and exchangeable fractions. Zinc and Cu were retained mostly in
the organic matter fraction. Zn was remobilized from the organic matter fraction through LMWOA
application into the water soluble and exchangeable fractions. LMWOA mobilized Pb and Cu from
iron oxides, but such an increase in solubility was not high enough to affect phytoextraction.
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FITOEXTRAÇÃO E FRACIONAMENTO DE METAIS PESADOS EM
SOLO APÓS MÚLTIPLAS APLICAÇÕES DE ÁCIDOS ORGÂNICOS
RESUMO: Fitoextração de metais induzida por quelantes é uma técnica promissora para despoluição
de solos. Entretanto, os quelantes mais eficientes são sintéticos e apresentam baixa taxa de
biodegradação, o que aumenta o risco de lixiviação de metais. Ácidos orgânicos têm sido propostos
para auxiliar na fitoextração, mas a sua rápida degradação pode ser limitante para a eficiência desta
técnica. O objetivo do trabalho foi comparar a eficiência de aplicações sucessivas dos ácidos cítrico
e gálico, na disponibilidade, absorção e acumulação de Cd, Pb, Cu e Zn pela mucuna preta (Stizolobium
aterrimum). O solo foi contaminado com Cd, Pb, Cu e Zn nas doses 20, 150, 100 e 150 mg kg-1,
respectivamente, e cultivados por 35 dias. Os ácidos foram aplicados de três formas: uma aplicação de
5 mmol kg-1 no 28° dia de cultivo da mucuna; duas aplicações de 5 mmol kg-1 no 28° e 31° dia; e três
aplicações de 5 mmol kg-1 no 28°, 31° e 34° dia de cultivo. As amostras de solo foram submetidas à
extração e fracionamento químicos. Os ácidos orgânicos testados não foram eficientes na indução da
fitoextração. Em geral, a aplicação dos ácidos aumentou as concentrações de metais tanto nas frações
solúveis como em água e também na trocável. Zinco e cobre ficaram retidos principalmente na fração
matéria orgânica. O Zn, após aplicação dos ácidos, foi remobilizado da fração matéria orgânica para as
frações solúvel em água e trocável. Os ácidos orgânicos mobilizaram Pb e Cu dos óxidos de ferro, mas
este aumento na solubilidade não foi suficiente para favorecer a fitoextração.
Palavras-chave: fitorremediação, poluição do solo, remediação do solo, ácidos orgânicos
INTRODUCTION
Environmental restoration of polluted soils by
conventional technologies demands large economic re-
sources (Cunningham & Berti, 2000; Ensley, 2000;
Nascimento & Xing, 2006). Thus a more affordable
approach to decontaminate soils are increasingly gaining
interest. Phytoextraction - the use of plants to remove
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metals from soils by storing them in above-ground bio-
mass - has been developed as an economically and en-
vironmentally attractive technology to decontaminate
heavy metal polluted soils (Raskin et al., 1997; Terry
& Bañuelos, 2000). So far, two phytoextraction strat-
egies have been developed. The first one is the use of
hyperaccumulating plants that naturally concentrate
metals in their aboveground tissues. The other strat-
egy makes the use of high biomass plants that are in-
duced to accumulate metals through chelants applica-
tions in soils (Blaylock et al., 1997; Huang et al., 1997;
Cooper et al., 1999; Wu et al., 1999; Shen et al., 2002;
Melo et al., 2006). The main drawback for the public
acceptance of this technique is the risk that synthetic
chelants pose to environment due to a possible exces-
sive metal solubilization and consequent leaching (Shen
et al., 2002; Chen et al., 2003).
The use of low molecular weight organic ac-
ids (LMWOA) which are easily biodegradable has been
proposed as an alternative to the synthetic chelants.
However, many authors have found low effectiveness
of LMWOA on inducing metals accumulation in plants
(Lombi et al., 2001; Kos & Lestan, 2004; Wu et al.
2004; Nascimento et al., 2006). This low LMWOA ef-
fectiveness has been attributed to their rapid mineral-
ization by soil microorganisms (Krishnamurti et al.,
1997; Römkens et al., 2002; Meers et al., 2005). For
instance, Ström et al. (2001) reported that one third
of citric acid added to soil was degraded after a 24-
hour period.
Taking into account the low efficiency of a
single application of LMWOA on phytoextraction en-
hancement, we studied the effect of multiple applica-
tions of citric and gallic acids on the phytoextraction
of Cd, Pb, Cu, and Zn by velvet bean plants
(Stizolobium aterrimum). Additionally, a soil fraction-
ation was performed to determine the metal soil pools
most affected by organic acids and how this effect
can be related to the phytoextraction.
MATERIAL AND METHODS
The soil material used in this study was classi-
fied as Ustic Kandihumult. Selected chemical and physi-
cal properties of the soil are: pH = 4.3 (water/soil 1:2.5);
exchangeable acidity = 8.2 (Al, in mmolc dm
-3); ex-
changeable basis = 5.5 (Ca and Mg, respectively in
mmolc dm
-3) and 5.0; extractable phosphorus = 12.0 mg
dm-3; exchangeable potassium, sodium and total activ-
ity = 0.5, 1.4 and 49.5, respectively, (in mmolc dm
-3);
organic matter = 566 g kg-2; and sand, silt and clay (in
g kg-1) = 566, 48 and 386, respectively.
The soil sample was air dried, passed through
a 2 mm sieve and limed to pH 6.5 - 7.0 with carbon-
ates of Ca and Mg (3:1 molar ratio solution) before
further use. Samples of 1 kg were amended with
CdCl2, PbCl2, CuSO4.5H2O, and ZnCl2 to achieve the
concentrations of 20, 150, 100, and 150 mg kg-1 of
Cd, Pb, Cu, and Zn, respectively. These metal con-
centrations were chosen to simulate a soil moderately
polluted, assuming that phytoextraction would be an
appropriate technique. The metal-amended samples
were kept incubated for a 30-day period at 80% of
the water holding capacity. The samples of the soil
material were fertilized as follows: 250, 240, 150, and
100 mg kg-1 of N, P, K, and S, respectively, added as
NH4SO2, NH4H2PO4, and KNO3; micronutrients Fe
(FeSO4.7 H2O), Mn (MnCl2.4H2O), B (H3BO3), and Mo
(Na2MoO4.2H2O) were applied at the concentrations of
2, 4, 1, and 0.2 mg kg-1, respectively. Then, the
samples were transferred into plastic pots set as a
greenhouse experiment.
The soil samples in the pots were cultivated
for 35 days with velvet bean (Stizolobium aterrimum),
a high biomass green manure species. Velvet bean was
chosen because its potential for metal accumulation
when grown on a soil contaminated with heavy met-
als as compared to seven other high biomass produc-
ing species (Santos, 2006). This species has been also
reported as tolerant to herbicides (Procópio et al.,
2005). Plants were watered to 80% of their water
holding capacity on a daily basis by weighing the pots
and adding water to replace any weight loss. Two
LMWOA, citric acid (aliphatic) and gallic acid (aro-
matic), were applied to the samples at a 5 mmol kg-1
rate in three ways: a single application at the 28th day
of growing; two applications at the 28th and 31st day;
and three successive applications at the 28th, 31st, and
34th growing day. A control pot (contaminated soil with
no LMWOA application) and a blank (soil with no met-
als neither LMWOA) were used to test the effects of
LMWOA and metals on the plant dry matter produc-
tion.
To study the effects of chelants on the solu-
bilization of the soil metals, one soil moisture sampler
(Rhizon® SMS: Rhizosphere Research Products,
Eijkelkamp, The Netherlands) was placed in the cen-
ter of each pot. Soil solution was sampled by pres-
sure suction in a syringe at the following day each
chelant addition. The concentration of metals in the soil
solutions were summed up.
Plants were harvested at the 35th day of grow-
ing by cutting the shoots on the soil surface and the
total shoot dry biomass was determined for each pot.
The soil was then broken up and roots were harvested
by hand. The roots were abundantly washed in tap
water until free of soil and then washed with distilled
water and dried in an oven at 70°C. Both shoot and
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root dried materials were further ground and digested
in a mixture of HNO3:HClO4 (3:1 v/v). The concen-
trations of Cd, Pb, Cu, and Zn in the extracts were
determined by atomic absorption spectrometry. The
net removal of metals was calculated by multiplying
the concentration of metals in the shoots by the bio-
mass.
Water soluble metals were extracted by CaCl2
0.01 mol L-1 according to Novozamsky et al. (1993).
The metal contents in the exchangeable fractions, or-
ganic matter, and crystalline iron oxides were deter-
mined based on Shuman (1985), whereas the amor-
phous iron oxides fraction was extracted according to
Chao & Zhou (1983). The fractionation method con-
sisted of the following steps: (1) Water soluble (WS)
- 5.0 grams of soil were placed in a 50-mL centrifuge
tube in which were added 20 mL of CaCl2 0.01 mol
L-1. The mixture was agitated for 2 h and centrifuged
for 10 min at 2000 × g. The supernatant was filtered
and separated. The fractionation continued for the re-
maining sample in the tube; (2) Exchangeable Frac-
tion (Ex) - 20.0 mL of 1 mol L-1 Mg(NO3)2 were added
to the tube and the set was agitated for two hours,
the mixture was then centrifuged for 10 min at 2,000
× g and the supernatant filtered and separated; 20.0
mL of distilled water was added; then another agita-
tion was performed for 3 min followed by a new cen-
trifugation, and the supernatant filtered and separated
again. The two supernatant liquids were combined and
stored for analysis. The sequential extraction contin-
ued for the remaining soil sample; (3) Organic Matter
Fraction (OM) - 10.0 mL of NaClO, 5 - 6% at pH
8.5, were added to the Ex-free sample; the system was
heated to 100°C for 30 min, and agitated periodically;
thereafter, the sample was centrifuged, and the super-
natant was filtered. This procedure was repeated twice,
and the three separated supernatants were combined.
Ten mL of distilled water were added in the centri-
fuge tube, and after shaking for 3 min, it was centri-
fuged, filtered, and the separated supernatant was
added to the three combined extracts from the NaClO
extraction and stored for analysis. The sequential ex-
traction continued for the remaining soil sample; (4)
Amorphous Iron Oxide Fraction (AFeOx) - 30.0 mL
of NH2OH.HCl (hydroxylamine hydrochloride), 0.1 mol
L-1 plus HCl 0.25 mol L-1, at pH 3.0, were added to
the OM-free soil sample, and the mixture agitated for
30 min, centrifuged and filtered; the separated super-
natant was stored for analysis. To continue the sequen-
tial extraction, 15 mL of distilled water were added to
the centrifuge tube and shaken for 3 min. The super-
natant was then discarded; (5) Crystalline Iron Oxide
Fraction (CFeOx) - 30.0 mL of (NH4)2C2O4 (ammo-
nium oxalate), 0.2 mol L-1 + H2C2O4 (oxalic acid) 0.2
mol L-1 + ascorbic acid 0.01 mol L-1, at pH 3.0, were
added to the AFeOx-free soil sample, the mixture was
heated to 100°C for 30 min, agitated periodically, and
thereafter was centrifuged and filtered; the separated
supernatant was stored for analysis.
The experiment was arranged in a completely
randomized design. All the data comprise averages of
three replicates. Data were statistically evaluated by the
ANOVA and significantly different means assessed by
the Scott-Knot test.
RESULTS AND DISCUSSION
Plants produced less biomass on the heavy
metal contaminated soil when no acids were added
(control pot) as compared to the ones grown on the
non-contaminated soil (Table 1). The metal phytotox-
icity induced a 79% reduction in the root growth and
86% in the shoots. Of course, such a reduction in bio-
mass production can be a drawback for efficient
phytoextraction. Toxicity symptoms such as chloro-
sis and necrosis were observed during the plants
growth in all the pots with contaminated soil, even be-
fore chelants application.
Except for gallic acid applied three times,
LMWOA did not reduce the plants dry matter produc-
tion (Table 1). Luo et al. (2005); Tamura et al. (2005)
and Evangelou et al. (2006) also found that citric acid
application did not affect the shoots dry matter pro-
duction, which indicates the lower phytotoxicity of this
organic acid. Citric acid could be successively applied
on field conditions aiming to hasten metal
phytoextraction without affecting shoot biomass. As
it will be discussed later, three applications of citric
acid can be effective in removing metals from soil, es-
pecially owing to its low toxicity to shoots. Gallic acid,
on the other hand, can be applied up to two times at a
5 mmol kg -1 dose without decreasing the shoots dry
matter of the plants, but with little effect on metal re-
moval from soils.
The LMWOA increased the heavy metal con-
centrations in the soil solution (Figure 1), but gallic acid
solubilized a much smaller amount of metals than cit-
ric acid. Nascimento et al. (2006) also reported that
citric acid was more efficient to solubilize Zn and Cu
in soil than gallic acid. This was probably due to the
lower solubility of gallic acid in soil. However, it should
be noted, that the concentrations of Pb and Cu brought
into solution by citric acid were lower than Cd and
Zn, which probably results from the differences on
solubility of such metal compounds in soils. The con-
centrations of Cd, Zn, and notably Pb and Cu in soil
solution increased linearly following the successive
applications of citric acid.
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Treatments with a single application of or-
ganic acids resulted in low metal solubility (Figure 1).
This is clearly due to the high biodegrability of natu-
ral organic acids in soil (Krishnamurti et al., 1997;
Ström et al., 2001). The citric acid three-application
treatment presented the highest Cd concentration in
solution (36.90 mg L-1) whereas one single applica-
tion of such acid resulted in a soluble Cd concentra-
tion 32% lower (25 mg L-1). Successive applications
of citric acid can suppress the negative effect of its
high degradation rate, increasing the efficiency of
chemically-assisted phytoextraction. On the other
hand, the highest concentration of Cd in soil solu-
tion after gallic acid addition resembled the one ob-
tained by the single citric acid application. This dem-
onstrates the low ability of gallic acid to solubilize Cd
in soils.
The Pb concentration in soil solution increased
97 and 81% after three applications of the citric and
gallic acid, respectively (Figure 1). For the citric acid
treatments, the largest Pb concentration was 18 mg
L-1, and the smallest 5 mg L-1, representing a 72% re-
duction in six days after the chelant application. Such
decrease in Pb concentration was lower for the gallic
acid (46%), i.e., from 3.15 mg L-1 to 1.7 mg L-1 in
the same stage. This demonstrates both the lower ability
to solubilize Pb and the slower biodegrability of gallic
acid as compared to citric acid. In spite of the high
percentage increase, neither citric nor gallic acid seem
to be able to of solubilize Pb at suitable levels for effi-
Table 1 - Dry matter production of velvet bean roots and shoots after chelants successive applications to a metal multi-
contaminated soil material.
Values followed by the same letter in lines are not different (Scott-Knott com P < 0.05).
knalB lortnoC
dicacirtiC dicacillaG
.lppA1 .lppA2 .lppA3 .lppA1 .lppA2 .lppA3
toprepg-------------------------------------------------------- --------------------------------------------------------
stooR
a14.3 c96.0 c66.0 c16.0 c76.0 b18.0 b18.0 c75.0
stoohS
a74.01 b24.1 b73.1 b05.1 b84.1 b65.1 b05.1 c99.0
Figure 1 - Concentrations of Cd, Pb, Cu, and Zn in soil solution as a result of three successive applications of citric acid (CI) and gallic
acid (GA) to the soil material. Values followed by the same letter are not different (P < 0.05).
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cient phytoextraction, even when applied three succes-
sive times. Tamura et al. (2005), Nascimento (2006)
and Evangelou et al. (2006) demonstrated the low abil-
ity of LMWOA to bring less soluble metals (such as
Pb) into soil solution. This is a serious drawback for
phytoextraction with these chelants in Pb contaminated
soils. So far only synthetic chelants such as EDTA
(Blaylock et al., 1997), EDDS (Kos & Lestan, 2004)
and MGDA (Tamura et al., 2005) are effective for lead
phytoextraction.
The single, double and triple application of gal-
lic acid did not differ regarding Cu concentration in
soil solution (Figure 1), although they get a 50% in-
crease in the metal solubility as compared to control.
On the other hand, the citric acid three-time applica-
tion was significantly more efficient in solubilizing Cu
(81.53 mg L-1). Accordingly, high Cu mobility in soil
treated with organic acids, especially citric acid, was
observed (Evangelou et al., 2006). In such a case, the
Cu concentration in the soil solution increased 90% as
compared to control. The Cu concentration between
the first and third application decreased 66%, indicat-
ing the high citric acid degradability. The lowest value
of Zn concentration in soil solution after citric acid ap-
plication was 182 mg L-1; after three applications, this
figure reached 304 mg L-1. Similarly to Cd, the low-
est concentration of Zn in citric acid treatments was
equivalent to the highest one obtained by gallic acid
application. Once more this demonstrates the low po-
tential of gallic acid when used in phytoextraction,
even for fairly soluble metals.
LMWOA application to soil did not promote an
increase in the velvet shoots heavy metal concentra-
tions (Table 2). Similar results were reported to other
species by Chen et al. (2003), Turgut et al. (2004),
Luo et al. (2005) and Meers et al. (2005). It can be
explained as an effect of the fast mineralization of soil
organic acids (Römkens et al., 2002). Synthetic ch-
elators applied to soil at 5 mmol kg-1 can solubilize
much higher amounts of metals than LMWOA applied
at 20 mmol kg-1 rates (Nascimento, 2006). The low
root biomass production resulting from metal toxicity
(Table 1) limited the efficiency of metal extraction by
velvet bean, since there was a substantial increase
in the metals availability via LMWOA addition
(Figure 1). It also suggests that using tolerant or
hyperaccumulator species, associated with successive
applications of LMWOA, could be a viable approach.
Plant’s tolerance to metal stress is certainly a key fac-
tor to successful phytoextraction and hampers the fea-
sibility of this technique.
Root metal concentration increase through or-
ganic acids application was observed only to Pb (Table
2). This is probably a consequence of the naturally low
mobility of such metal in soil. However, the low af-
finity (log Ks = 6.5) of Pb for citric acid (Römkens et
al., 2002) suggests their low ability to substantially in-
crease the Pb translocation to shoots. Actually, only
synthetic chelants seem to be capable of hastening the
Pb transport to shoots up to levels proper to
phytoextraction (Blaylock et al., 1997; Tamura et al.,
2005).
The phytoextraction efficiency can be evalu-
ated by the net removal of metals from soils rather than
by the concentration of metals in shoots. As it can be
seen in Figure 2 LMWOA increased the removal of
Pb, Cu and Zn from soil, except for a single applica-
tion of citric acid for Zn. The amount of Cd removed
by plants upon LMWOA addition was not higher than
in control. This can be related to the soil high avail-
Table 2 - Metals concentration in velvet bean shoots and roots, according to three different application times (one, two, and
three applications).
Values followed by the same letter in rows are not different (Scott-Knott com P < 0.05).
lateM lortnoC
dicacirtiC dicacillaG
.lppA1 .lppA2 .lppA3 .lppA1 .lppA2 .lppA3
-------------------------------------------------- μ gkg 1- -------------------------------------------------
stoohS
dC a0.28 a7.08 a7.27 a6.08 a3.27 a3.68 a0.38
bP a5.11 a9.41 a1.21 a9.31 a2.01 a3.11 a8.7
uC a2.25 a6.25 a4.94 a0.15 a5.74 a1.15 a1.05
nZ a4.076 a6.596 a5.107 a2.517 a7.407 a3.277 a7.328
stooR
dC a9.717 a5.907 a9.476 a4.666 a8.236 a8.066 a9.776
bP c3.579 a6.056,1 b4.492,1 a1.896,1 b5.393,1 a4.874,1 a9.537,1
uC a8.782,4 a5.940,5 a1.782,4 a1.616,4 a7.154,4 a4.522,4 a7.846,4
nZ a5.686,3 a9.247,3 a2.415,3 a1.966,3 a9.565,3 a9.818,3 a0.479,3
Melo et al.66
Sci. Agric. (Piracicaba, Braz.), v.65, n.1, p.61-68, January/February 2008
ability of Cd. Gallic and citric acid are not able to in-
crease the phytoextraction of Pb from soil
(Nascimento et al., 2006). For instance, citric acid had
no effect on Pb uptake by common buckwheat even
when the soil was treated with a high concentration
(20 mmol kg-1) of this chelant (Tamura et al., 2005).
These results corroborate the low potential of LMWOA
for Pb phytoextraction.
Cadmium, Pb, Cu, and Zn water soluble con-
tents increased accordingly to the successive organic
acids applications to soil (Table 3). Contents of Cd,
Pb, and Zn were highest for the three-application treat-
ment of citric acid. The low content of Cd in iron ox-
ides indicates this metal low affinity for sites of spe-
cific adsorption and demonstrates the relatively high
solubility of Cd in soils. The exchangeable concentra-
tion of metals was also increased owing to LMWOA
addition.
Organic matter fraction retained most of the
Cu and Zn in soil (Table 3). The concentration of or-
ganic matter bounded Cu and Zn was reduced as a
result of organic acids application. In the more
bioavailable fractions (WS and Ex) Zn seemed to
be incremented by remobilization from organic mat-
ter bounded Zn, which substantially diminished by
LMWOA. On the other hand, lead and copper con-
tents in organic matter were almost unaffected
by acids addition. This is probably due to the organic
matter affinity of Pb and Cu which is higher than
Zn making the Pb- and Cu-complexes to be more
stable.
The LMWOA caused a mobilization of Pb and
Cu from oxide fractions in soil (Table 3). LMWOA in-
duced metal dissolution in crystalline and/or poorly
crystallized soil minerals. Carboxylic groups of
LMWOA can dissociate over a wide range of pH,
weathering primary minerals and dissolving then by
complexation (Sposito, 1989). This is particularly im-
portant for poorly available soil metals since they de-
pend on solubilization from stable pools in order to be
taken up by plants. However, LMWOA metal mobili-
zation from iron oxides, as observed here, is less im-
pressive when compared to the ability of synthetic
chelating agents, such as EDTA (Barona et al., 2001).
Thus, if the targets for phytoextraction are metals
tightly bound to oxides and to soil residual fraction,
the LMWOA tested here do not seem to be a good
bet to improve phytoextraction.
CONCLUSIONS
Multiple applications of citric acid to soil had
a positive effect on the mobilization of Cd, Pb, Cu,
and Zn. However, neither citric acid nor gallic acid
was efficient to induce metals phytoextraction. In
general, LMWOA application increased the metal con-
centrations in the water soluble and exchangeable
fractions. Zinc and Cu were retained mostly in the
Figure 2 - Removal of Cd, Pb, Cu, and Zn in velvet bean shoots (μg per pot) grown in soil material treated with gallic (GA) and citric (CI)
acids applied in three forms (1, 2, and 3 applications) at a 5 mmol kg-1 rate. Values followed by the same letter are not different
(P < 0.05).
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organic matter fraction, from where Zn was remo-
bilized through LMWOA application into the more
available water soluble and exchangeable fractions.
LMWOA mobilized Pb and Cu from iron oxides,
but such an increase in solubility was not high
enough to affect the phytoextraction. So far the
LMWOA tested are not suitable to enhance
phytoextraction, even when successively applied, sug-
gesting that more detailed information about a natu-
ral LMWOA able to replace synthetic chelants that
induce metal phytoextraction is required. Studies on
amounts and time of application of LMWOA are also
important. Therefore, research must continue search-
ing for natural LMWOA to replace synthetic chelants
for metal phytoextraction. More studies on doses and
application timing of LMWOA are also needed to
make these acids a viable alternative to synthetic
chelants.
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